Rainfall weakens an earth slope and triggers mass movement. Relevant triggering mechanisms are complex and include reduction of capillary pressure due to increased saturation and frictional drag on the sediment induced by fluid flow. Physics-based continuum models utilizing modern computational tools are useful for understanding the mechanisms of deformation in partially saturated slopes; however, they do not provide a scalar indicator called 'factor of safety' that measures the potential of a given slope for mass movement. In the present work, we employ sequential calculations consisting of a physics-based finite element model that couples solid deformation with fluid flow to quantify the stress and deformation fields in a steep hillside slope subjected to rainfall infiltration. This is followed by a limit-equilibrium calculation based on the method of slices that evaluates the desired factor of safety. The field condition investigated is similar to the steep experimental catchment CB1 near Coos Bay, Oregon, which failed as a large debris flow from heavy rainfall.
INTRODUCTION
Landslides induced by heavy rainfall cause widespread damage and occasional loss of life. Relevant triggering mechanisms are complex and include reduction of capillary pressure, surface and subsurface fluid flow, irregular topography, and local drainage boundary conditions [1, 2] . Very recently, a three-dimensional physics-based continuum model has been proposed that captures the coupled solid deformation-fluid flow processes in variably saturated slopes [3, 4] . The model is based on a mixed finite element formulation relating the solid displacement and pore pressure degrees of freedom, and realistically quantifies stresses and pore pressures responsible for triggering slope failure. However, continuum modeling cannot calculate a scalar indicator called 'factor of safety' that is used universally as a measure of proximity of slope conditions to failure. On the other hand, limit-equilibrium solutions, such as those utilizing the method of slices, do calculate a factor of safety but cannot accommodate the complex three-dimensional hillslope processes. This paper describes a methodology for coupling physics-based continuum modeling with limitequilibrium calculations for a steep hillside slope subjected to rainfall infiltration. The continuum model solves the partial differential equations governing the hydro-mechanical processes in a partially saturated porous medium, as well as accommodates relevant constitutive properties including the impact of increased saturation on the mechanical properties of the porous material. The stress and pore pressure fields generated by the continuum model are interfaced with a limit-equilibrium solution based on the method of slices to calculate the desired factor of safety. The case study analyzed has a peculiar topography that challenges the accuracy and sensitivity of the sequential calculations to small perturbations in the problem geometry. Remarkably, the critical yield zone predicted by the continuum model agrees well with the critical slip surface identified by the limit-equilibrium solution, suggesting that interfacing the two solutions is a meaningful approach for studying the deformation and stability properties of the slope.
The specific case study considered in this paper is similar to the highly instrumented Coos Bay experimental catchment CB1, which was chosen as a hillslope-scale 'laboratory' for conducting hydrologic sprinkling experiments [5, 6] . The CB1 slope failed as a large debris flow due to heavy rain in November 1996, raising some scientific questions related to the geotechnical aspects of the site. The slope at CB1 is steep, on the order of 43 • . The sediment is colluvium, a surficial soil derived from the weathering of fresh bedrock located only 1.5-2 m deep below the slope face. We could have modeled the slope as a one-dimensional sliding layer on a steep incline; however, the large debris flow that occurred in 1996 was far from being one-dimensional. This raises important questions regarding possible effects of local surface topography, saturation, fluid flow, and three-dimensional geometry on the mechanism of slope failure at CB1.
Despite much effort to constrain the topography, hydrologic aspects, and boundary conditions at the CB1 site, much uncertainty remains about this experimental catchment. Sources of uncertainty include the highly fractured bedrock that could have served as a source or sink for fluids, and the unknown variability of the sediment properties at the site. Because of these uncertainties, it would be more prudent to associate the results of this analysis to a slope with similar configuration and scale to CB1, but not to the slope at CB1 itself. The scope of this paper is limited to understanding the timing, location, and relevant triggering mechanism of slope failure for a given rainfall intensity. Aspects related to post-failure condition, such as distance traveled by the landslide and its final depositional configuration, are not covered in this paper.
PROBLEM DEFINITION AND METHODS OF ANALYSIS
The CB1 experimental catchment is located along Mettman Ridge approximately 15 km north of Coos Bay in the Oregon Coast Range. CB1 is a 51-m long (860 m 2 ) unchanneled valley, with a north-facing aspect and an average slope of 43 • (see Figure 1 ). Three sprinkling experiments were conducted at CB1: in May 1990 at 1.5 mm/h for 6 days; in May 1990 at 3.0 mm/h for 4 days; and in May 1992 at 1.7 mm/h for 7 days. The instrumentation at CB1 included an exhaustive grid of rain gauges, piezometers, tensiometers, TDR wave guide pairs (for estimating soil-water content), lysimeters, meteorological sensors (on a tower), atmometers, and weirs. In November 1996, the CB1 slope failed as a large debris flow after an intense natural rainfall. Figure 2 shows the hyetograph at CB1 and at nearby North Bend, Oregon airport during the week of intense rainfall. The instrumentation at CB1 provides one of the most comprehensive hydrologic response data sets in existence for a steep, deforested catchment that failed by debris flow.
The continuum model utilized to analyze the slope satisfies balance of mass and balance of linear momentum for solid, water, and air [4, 7] . For the unsaturated zone, we calculate the effective stress from the Bishop stress [8] but with the Bishop parameter replaced by the degree of saturation. The first law of thermodynamics justifies this definition of effective stress for constitutive modeling of unsaturated porous material response [9, 10] . The bedrock layer at CB1 is very shallow, on the order of 1-2 m below the colluvium; hence, we simply assume a passive pore air pressure condition in the sediment, i.e. the pore air pressure is equal to the atmospheric pressure throughout the simulation. However, the colluvium was initially unsaturated and subjected to a propagating wetting front. We assume flow in the saturated and unsaturated regions to be governed by Darcy's law and use the wetting curve of the Van Genuchten [11] relation to define the evolution of hydraulic conductivity in the unsaturated zone. This assumption is justified by a recent article [12] suggesting that the wetting soil-water retention curve is appropriate for the present study.
Owing to the uncertainties in the boundary conditions and problem geometry of the test problem, we resort to plane strain finite element modeling on section A-A of the slope that cuts through the middle of the debris flow zone B shown in Figure 1 . Figures 3 and 4 show the finite element mesh for this section. We use stabilized four-node quadrilateral mixed finite elements for displacement and pore pressure interpolations [13] to fully couple fluid flow with solid deformation in the colluvium. We assume the underlying bedrock to be rigid. We consider simplified rainfall and fluid flow scenarios that closely match the hyetograph for CB1, as well as investigate various possible fluid flow boundary conditions, including prescribing a fluid flux over a segment of the fractured bedrock underneath the colluvium to investigate its effect on slope stability. We prescribe rainfall as a boundary condition on the slope surface in the form of a normal flux into the slope face.
For each stress configuration, we run limit-equilibrium analyses based on the method of slices to determine the factor of safety against slope failure as well as compare the failure zones generated by the continuum and limit-equilibrium solutions. We employ two methods of slope stability analysis: Spencer's [14] method and the modified Bishop [15] method. Spencer's method assumes parallel inter-slice resultant forces, and results in a system of linear equations that is statically determinate. The modified Bishop method assumes that the vertical components of inter-slice forces are zero, and results in a system of linear equations that is over-constrained to the first degree (i.e. there is one unsatisfied equation of equilibrium). In general, Spencer's method gives slightly higher factor of safety than the modified Bishop method for a given slope. We use a commercial slope stability analysis code SLOPE/W to search for the most critical failure surface and calculate the corresponding factor of safety. This code calculates the shear strength on the failure surface from the equation [16] 
where c and are the effective cohesion and angle of internal friction, respectively, is the normal stress on the failure surface, u a and u b are the pore air and pore water pressures, respectively, and b is an angle defining the increase in shear strength for an increase in matrix suction s = u a −u w . The code also assumes the passive air condition, u a = 0, and thus the above equation reduces to
where is an effective normal stress that has the form
This expression can be reconciled with Bishop's definition of effective normal stress [8] , with Bishop's parameter replaced by the degree of saturation S r , if one takes tan
Bishop's effective stress, with the Bishop parameter replaced by the degree of saturation S r , is consistent with the first law of thermodynamics [7, 9, 17] . SLOPE/W accommodates difficult and unusual problem geometry such as those encountered in CB1. Since the colluvium-bedrock interface at CB1 is relatively straight and the colluvium layer is very thin, the code assumes that the critical failure surface passes through a segment of the sediment-bedrock interface (i.e. it does not carve into the bedrock) and emerges at two points on the slope surface. In the following discussions we shall call the upslope intersection of the failure surface with the slope face as the entry point, and the downslope intersection as the exit point. Prediction of the location of the entry point is critical in the assessment of the accuracy of the model inasmuch as a vertical scarp would be expected to form naturally at this point, thereby allowing a comparison of the calculated mechanism of deformation with the location of the scarp zone that was formed from the actual failed slope at CB1. SLOPE/W does not accept point-wise values of pore pressures on the failure surface but instead calculates them based on the vertical distance to a prescribed phreatic surface, without accounting for the head loss that results from a non-horizontal phreatic surface. This procedure could grossly overestimate the pore water pressure on the failure surface particularly for steep slopes. To correct this error, we prescribe a reduced height of the phreatic surface (relative to what was calculated by the hydro-mechanical continuum simulation) by a factor of cos 2 , where is the slope angle. Thus, if the continuum model calculates a vertical distance h p of the phreatic surface from a point on the failure surface, then we input a reduced height of h p cos 2 into the limit-equilibrium model. In the examples that follow, we report pore pressure values determined by the continuum model and used as input by the limit-equilibrium solution to calculate the factor of safety.
MODEL PARAMETERS AND NUMERICAL PROCEDURES
For the continuum simulation, we model the sediment in the slope as a non-associative elastoplastic Mohr-Coulomb material. Using a critical state constitutive formulation [18, 19] may not improve the modeling much since the slope is steep and all the stress points lie on the dilative side of the yield surface. The relevant material parameters are friction angle = 40 • , dilatancy angle = 25 • , cohesion c = 4.0 kPa, elastic bulk modulus K = 50 MPa, Poisson's ratio = 0.25, porosity n = 0.50, and intrinsic solid density s = 2.2 Mg/m 3 . While the colluvium in CB1 likely exhibited a complicated hardening and/or softening behavior, we do not have sufficient experimental data to calibrate this feature of the mechanical response, and therefore we assume that the material parameters remain constant with plastic deformation (perfect plasticity). For the suction/saturation model, we consider a non-hysteretic van Genuchten model defining the wetting part of the hydrologic response. The relevant parameters are intrinsic permeability k = 3.5×10 −11 m 2 , dynamic viscosity = 1.0×10 −6 kPa-s, fluid density w = 1.0 Mg/m 3 , residual saturation 0 = 0.32, maximum saturation 1 = 1.0, scaling pressure s a = 0.4 kPa, and shape constant n = 3.0. See [3] for an elaboration of these model parameters and how their values were determined for the CB1 site.
We fix the displacements at the bottom bedrock boundary and accommodate all inelastic deformation as bulk plastic deformation within the colluvium. Alternatively, a frictional boundary condition could have been considered to represent the contact kinematics on the colluvium/bedrock interface, but this was not pursued in this study. At the beginning of the simulations, we prescribe a uniform initial pressure of −1.5 kPa within the colluvium representing an approximate initial saturation condition in the slope prior to the major rainfall event. While this may be considered as a gross simplification, previous studies [12] suggest that the ultimate failure is relatively insensitive to the rainfall history prior to the main rainfall event.
We use a gravity loading phase to calibrate the initial in situ stress conditions within the slope. Once these initial stresses are computed, we reset the displacements to zero and begin the coupled phase of the simulation. To simulate a rainfall event, we prescribe a fluid flux q at the ground surface (natural boundary condition) and apply this flux continually unless a seepage face condition is detected-i.e. fluid exfiltrates from the bottom of the slope-at which point we switch the boundary at these points to a fixed pressure p = 0 (essential boundary condition). Switching the boundary conditions on the slope face from a Neumann-type (natural) to a Dirichlet-type (essential) ensures that the proper flow physics is maintained at the infiltration/exfiltration boundary throughout the simulations.
The hyetograph shown in Figure 2 indicates a peak rainfall rate of nearly 40 mm/h, which is about an order of magnitude higher than typical peak rainfall rates at CB1 during 7 years of observation [12] . Prior to this peak period, rainfall persisted at an average rate of 6 mm/h over a 24-h period, which could have contributed to conditioning the soil saturation to subsequent failure. However, we see that the peak rainfall was so intense that it clearly was the main trigger to slope failure. Note that the hyetograph shown in Figure 2 has a highly erratic variation. Considering that we ignored the effects of three-dimensional geometry in the simulations, it is doubtful that much can be gained by capturing the actual erratic time history of the rainfall, and hence we simply consider a rainfall sequence consisting of a uniform 'spin-up' rainfall of 6 mm/h for 24 h, followed by a uniform rainfall of 40 mm/h up until failure.
RESULTS FOR SIMPLIFIED CB1 RAINFALL
At a prescribed rainfall of 6 mm/h for 24 h, the continuum simulations did not detect any failure in the slope. However, at a prescribed flux of 40 mm/h following the spin-up rainfall, the slope 'failed' after 1.7 h of exposure to this intense rain. 'Failure' in the continuum sense is defined by a localized extensional shear zone fully propagating from the colluvium-bedrock interface all the way up to the slope face. At this point, the Newton iterations stopped converging. While the lack of convergence in Newton iterations does not necessarily imply onset of instability, the fact that the yield zone has fully propagated to the slope face at the moment when the Newton iterations stopped converging suggests that a failure mechanism indeed has formed, thereby inhibiting the continuum solution from finding an equilibrium configuration for the current loading condition. not triggered by this rainfall but would prove more critical for a different rainfall scenario discussed later. It is worthy of note that point C2 coincides with the scarp zone that developed in CB1 from the rainfall of 1996, see Figure 1 . The fact that a scarp zone developed in the neighborhood of an inflection point suggests that bedrock topography does have a strong influence on the kinematics of slope failure. The failure mechanism shown in Figures 5 and 6 is similar to multiple block failure described by Varnes [20] , in contrast to the classic spoon-shape failure mechanism considered by the limit-equilibrium solution. Figure 7 shows the calculated pore water pressures on the colluvium-bedrock interface. The values of the pore water pressures were all positive, implying a fully saturated condition. Higher pore water pressures were calculated on the lower portion of the slope after time t = 24 h as the Copyright groundwater was given sufficient time to flow downhill. However, the more intense rain caused the pore water pressures at time t = 25.7 h to increase almost uniformly everywhere except near the bottom of the slope where the surface topography was flatter, and therefore the pore water pressures were constrained by the hydrostatic values. The erratic variation of the pore water pressure was due to the irregular surface topography, as evidenced by the peaks and valleys of the pore pressures being sharpest near the inflection points C1, C2, and C3. Limit-equilibrium solution searches for the critical failure surface that gives the minimum factor of safety. By definition, there is only one critical failure surface in a limit-equilibrium solution; however, the continuum solution repeatedly identified inflection points C1, C2, and C3 as potential zones of failure initiation, and hence we investigate the presence of 'local minima' on the factor of safety in the neighborhood of these inflection points. The algorithm used to search for a local minimum in the neighborhood of an inflection point is based on the entry/exit windows search option of SLOPE/W. Here, we prescribe sufficiently long windows or spans on the slope face through which the failure surfaces could possibly pass. We then investigate if a local minimum on the factor of safety would occur inside each of these windows.
Results of the limit-equilibrium search are summarized in Figure 8 . After 24 h of rain at 6 mm/h, the critical failure surface was detected to pass through inflection point C2. The calculated factors of safety are 1.260 with Spencer's method and 1.259 with the modified Bishop method. After 1.7 h of additional rain at 40 mm/h, the calculated factors of safety decreased to 1.122 with Spencer's method and 1.121 with the modified Bishop method. The predicted scarp zone remained in the neighborhood of inflection point C2, in agreement with the continuum solution and the actual position of the scarp zone observed for CB1. The simulations did not detect any local minimum on the factor of safety in the neighborhood of inflection points C1 or C3-when restricted to pass through the windows containing these inflection points, the search algorithm simply converged to the edge of each window closest to inflection point C2.
A rough check on the factor of safety may be inferred from a simplified one-dimensional representation of the slope. With the bedrock located at a vertical distance of H from the slope face, the factor of safety is given by
where c and are, respectively, the effective cohesion and friction angle on the sediment-bedrock interface, is the total unit weight of the sliding sediment, u is the average pore water pressure on the failure surface, and is the slope angle. In the above equation, the failure surface is assumed to coincide with the sediment-bedrock interface. Between inflection points C1 and C3, the average slope angle is = 39.4 • , the average unit weight of the sediment is = 15.7 kN/m 3 , and the average height of the slope is H = 0.95 m. For an effective cohesion c = 4 kPa and an effective friction angle = 40 • on the sediment-bedrock interface, the factor of safety is given by the equation FS= 1.594−0.1148u (u in kPa). From Figure 7 , the average pore water pressures between C1 and C3 are 1.2 kPa after 24 h, and 3 kPa after 25.7 h. The corresponding factors of safety are 1.45 and 1.25, respectively. These numbers underestimate the failure potential of the slope. In fact, even if we take the maximum pore water pressures of 2 kPa after 24 h, and 4 kPa after 25.7 h (see Figure 7) , the calculated factor of safety would still be 1.364 and 1.135, respectively. Clearly, the one-dimensional model neither can account for the local dips and bumps in the surface topography, nor can it predict the location of the scarp zone, and therefore is inadequate for the present problem.
RESULTS FOR HYPOTHETICAL RAINFALL SIMULATIONS
In the previous section, we captured the slope failure mechanism at CB1 using a simplified rainfall for this experimental catchment. In this section, we show that different rainfall histories do produce different failure mechanisms. To this end, we subject the same slope to two hypothetical rainfall histories: rainfall A at 14 mm/h for 13.6 h, and rainfall B at 50 mm/h for 2.5 h. In both cases, the sediment had an initial pore water pressure of −1.5 kPa, and no previous rain was applied. The two rainfall loadings caused the slope to fail in two different ways. Rainfall A induces a primary scarp zone at inflection point C2 similar to that shown in Figures 5  and 6 . In contrast, rainfall B generates a primary scarp zone much farther upslope, near inflection point C3, as shown in Figure 9 . Figure 10 reveals the reason behind the two distinct failure mechanisms: For rainfall B the wetting front could not propagate quickly enough into the lower portion of the slope, causing the pore water pressures to build up in the vicinity of C3 and causing the slope to fail there. Note that point C3 is inconsistent with the observed scarp zone for CB1. We thus see that the initial pre-wetting rainfall plays a crucial role in defining the debris flow zone. For CB1 the initial pre-wetting was responsible for saturating the lower portion of the slope prior to the 40 mm/h pulse, and without it the slope could have developed a scarp zone at C3. Critical failure surface using the grid-radius option of SLOPE/W for a hypothetical rainfall rate of 50 mm/h for 2.5 h without previous rainfall. The search predicted a scarp zone at inflection point C3.
For rainfall A, the limit-equilibrium solution predicted a scarp zone at C2, in agreement with the continuum solution. For rainfall B, the limit-equilibrium solution predicted a scarp zone at C3, also in agreement with the continuum solution. In running the limit-equilibrium simulations, we used the entry/exit and grid/radius algorithms of SLOPE/W, and for rainfall B the results are shown in Figures 11 and 12 . Both search algorithms identified the same scarp zone, i.e. at C3. The calculated factors of safety are 1.031 (Spencer) and 1.029 (modified Bishop) under rainfall A, and 1.146 (Spencer and modified Bishop) under rainfall B.
Finally, we investigate the effect on slope stability of an upward seepage emanating from the fractured bedrock. As mentioned in the Introduction, this is a source of uncertainty at CB1, inasmuch as the bedrock could have served as a source or sink for fluids due to the high fracture density. To this end, we prescribe a normal fluid flux over a segment of the bedrock as shown in Figures 13 and 14 . Acting alone, the upward flux has to reach a magnitude as high as 100 mm/h for 2.5 h to generate a scarp zone through inflection point C1. Clearly, this is an unreasonably high number. Therefore, we conclude that an upward seepage needs to act in combination with some rainfall loading on the slope surface in order to have an impact on the triggering of failure on a slope similar to CB1. 
CLOSURE
We have presented a methodology for quantifying deformation, stresses, saturation, fluid flow, and factor of safety for a steep hillside slope subjected to rainfall infiltration. The technique entails sequential calculations, first, with a physics-based hydro-mechanical continuum model to generate stresses, pore pressures, and deformation within a slope, and, second, with a limit-equilibrium solution that relies on the pore pressures calculated by the continuum model to determine the factor of safety and the critical failure surface. We find the pore pressure variation to be a strong link between the continuum and limit-equilibrium solutions: for the same pore pressure variation within the slope, the continuum and limit-equilibrium solutions consistently predicted the same scarp zone for a given slope. We have not presented sensitivity analyses on the effect of material parameters on the deformation and stability responses of the subject slope; in fact, such parametric studies were conducted in [3] . Material parameters such as the effective cohesion and friction angle of the sediment do impact the mechanical responses of a slope; however, they appear to influence the timing of failure for the most part, but not the failure mechanism itself. We find the slope topography and rainfall history to impact the slope failure mechanism to a great extent. The results of this work underscore the need for a physics-based simulation for an accurate prediction of the timing of failure as well as the associated failure mechanism for slopes subjected to rainfall infiltration.
